INTRODUCTION
The degradation of RNA is a key process involved in controlling RNA abundance and, thus, gene expression (1, 2) . RNA decay is also required for the 5 0 and 3 0 trimming of precursor transcripts to produce mature RNAs, for the removal of maturation by-products, and for the elimination of aberrant or improperly processed
RNAs that inevitably form during RNA synthesis and maturation (3) . In eukaryotes, a complex set of mechanisms has evolved to check the quality of mRNA and to distinguish between those RNAs that are or will become mature and RNAs that are non-functional and need to be degraded. Two distinct mRNA surveillance pathways, nonsense-mediated decay and non-stop decay, facilitate the detection and destruction of mRNAs with premature or absent termination codons, respectively (4, 5) . In addition, a nuclear poly(A) polymerase complex is involved in a polyadenylation-mediated RNA surveillance mechanism that degrades unmodified initiator tRNA Met i , rRNA precursors and snoRNP precursors (6, 7) . Similar quality control mechanisms also apparently exist in mitochondria. In yeast, recent data indicate that the mitochondrial degradosome complex composed of DSS-1 exoribonuclease and SUV3 RNA helicase plays a central role in RNA surveillance, degrading aberrant and unprocessed RNAs. Yeast strains lacking degradosome components strongly accumulate mitochondrial mRNA and rRNA precursors untrimmed at their 5 0 and 3 0 termini and display variations in the steady-state levels of mature mRNAs (8, 9) . These cells also exhibit massive accumulation of mitochondrial introns, indicating a role for DSS-1 in decay of these maturation by-products (8) . In Arabidopsis mitochondria, polynucleotide phosphorylase (PNPase) degrades rRNA and tRNA maturation by-products and RNA transcripts that are expressed to high levels from regions lacking known genes (10) . Thus, mitochondria of divergent species have evolved different mechanisms for the removal of aberrant or improperly processed RNAs and maturation by-products. A recent study in yeast showed that growth defects resulting from mutations in the mitochondrial degradosome can be rescued simply by mutations that reduce the rate of mitochondrial transcription (11) . This observation underscores the vital importance of pathways dedicated to removing non-functional RNAs.
The nature of gene expression in the mitochondria of Trypanosoma brucei necessitates a key role for RNA degradation in both the control of gene expression and in the elimination of non-functional RNAs. Transcription is polycistronic (12) (13) (14) and, thus, both endonuclease cleavage and exonuclease trimming are presumably required to form mature RNAs from polycistronic precursors. Many of the adjacent genes overlap extensively, such that it is impossible to produce two mature monocistronic RNAs from the same precursor molecule (13, 14) . This overlapping gene arrangement indicates that a substantial volume of non-functional RNA will be generated during pre-mRNA maturation. Further, a majority of mitochondrial RNAs in T. brucei require an extensive editing process involving uridine insertion and deletion to form translatable mRNAs (15, 16) . Improperly edited RNAs are abundant in the steady-state RNA pool, and it is unknown whether these RNAs are intermediates destined to become properly edited or aberrantly processed RNAs that need to be removed (17, 18) . The maturation of mRNAs, rRNAs and guide RNAs (gRNAs) also requires proper 3 0 end modification through addition of non-encoded tails (19, 20) . Therefore, the potential exists for the generation of a large volume of non-functional RNA that needs to be removed from the system. This suggests that an RNA surveillance system must exist for the rapid identification and degradation of improperly processed RNAs, and that numerous by-products of RNA maturation must also be efficiently recognized and degraded.
We previously identified an exoribonuclease in T. brucei mitochondria, that we termed TbDSS-1 (21) . This protein is an RNR exoribonuclease family member and a homolog of Saccharomyces cerevisiae degradosome component, DSS-1. Targeted disruption of TbDSS-1 using RNA interference (RNAi) demonstrated that the protein is essential for growth in procyclic form T. brucei (21) . TbDSS-1 depletion results in aberrant levels of several mitochondrial RNA species, including never edited, unedited and edited mRNAs as well as gRNAs (21) . The diversity of phenotypes associated with TbDSS-1 down-regulation suggests that this protein participates in multiple aspects of mitochondrial RNA metabolism. Similar to yeast, T. brucei apparently lacks a homolog of the PNPase that functions in RNA surveillance in Arabidopsis mitochondria (Kao,C.-Y. and Read,L., unpublished data) (1). This strongly suggests that TbDSS-1 could have a critical role in RNA maturation, RNA surveillance and the removal of maturation byproducts in the mitochondria of trypanosomes. In this article, we investigate the potential involvement of TbDSS-1 in these aspects of mitochondrial RNA metabolism using the 12S/9S rRNA locus as a model system. We chose to focus our analysis on processing and decay of the transcript containing the 12S and 9S rRNAs because it is one of the simplest and most well-studied primary transcripts in T. brucei mitochondria. T. brucei mitochondrial rRNAs do not undergo RNA editing and the 12S and 9S genes do not overlap, simplifying analysis of precursor RNA processing. Additionally, previous studies have shown that 12S and 9S rRNAs are initially transcribed as a precursor with a 5 0 flanking region that is rapidly processed and degraded (22) . Here, we find that multiple RNA fragments corresponding to the leader sequence upstream of the 5 0 extremity of 12S rRNA accumulate in TbDSS-1 depleted cells. RNA maturation by-products whose 3 0 ends are immediately adjacent to the mature 5 0 end of 12S rRNA are a prominent class of RNAs that accumulate in TbDSS-1 depleted cells, and, unexpectedly, sequence analysis revealed that the majority of these RNAs possess oligo(U) tails. These data indicate that the 5 0 extremity of 12S rRNA is generated by endonucleolytic cleavage and that TbDSS-1 is responsible for the degradation of upstream 12S rRNA-processing intermediates. We also observe that 12S rRNAs with properly processed 3 0 ends and unprocessed 5 0 ends accumulate in TbDSS-1 depleted cells, suggesting that these RNAs represent non-functional processing intermediates that are normally removed by an RNA surveillance pathway involving TbDSS-1. We further demonstrate that TbDSS-1 is dispensable for proper 3 0 processing of 12S rRNA. In addition, analysis of RNAs that accumulate upon TbDSS-1 down-regulation suggests a pathway for 12S rRNA maturation. Finally, northern blot data suggest that TbDSS-1 also functions in decay of RNAs originating from the region upstream of the first gene on the minor strand of the mitochondrial genome. Overall, our results indicate a role for TbDSS-1 in RNA surveillance and degradation of 12S rRNA maturation by-products, and suggest that the enzyme plays a wider role in decay of similar products from other regions in the mitochondrial genome.
MATERIALS AND METHODS

Oligonucleotides used in this study
The oligonucleotides used in this study are listed as follows with restriction sites underlined. P1 ( 0 -T7 and antisense primer RPS12UE were used to generate a 221 nt PCR template for synthesizing the riboprobe for the flanking region 5 0 to the minor strand mRNAs, as previously described (23) . All primers and their respective locations are shown in appropriate figures below.
Trypanosome growth and RNA analysis
Procyclic form T. brucei with a construct for the induction of RNAi of TbDSS-1 integrated into the rDNA spacer, were grown in SDM-79 supplemented with 15% fetal bovine serum in the presence of G418 (15 mg/ml), hygromycin (50 mg/ml) and phleomycin (2.5 mg/ml). Generation and initial characterization of these cells were previously published (21) . For induction of doublestranded RNA (dsRNA), cells were cultured in the presence of 1 mg/ml tetracycline. Total RNA was purified from 1.3 Â 10 9 to 4.8 Â 10 9 cells (Purescript RNA isolation kit; Gentra Systems). Two separate inductions (including monitoring of growth and RNA isolation) were performed, and most analyses were repeated with RNA from both inductions.
Northern hybridization analysis
For northern hybridization analysis, 10-30 mg of total RNA was electrophoresed on 1.5% formaldehydeagarose gels and transferred to nylon membrane. Blots were probed with the indicated oligonucleotide probes (P1, P2 and P3) labeled with [g-32 P] ATP and polynucleotide kinase (Invitrogen) for detection of 12S rRNA 5 0 flanking region and hybridization was performed at 428C (P2 and P3) or 508C (P1), followed by five washes in 6Â SSPE/1% sarkosyl at room temperature and one wash in 1Â SSPE/1% SDS at 428C or 508C. The membrane was stripped after each hybridization and reprobed. Riboprobes for the P1-P3 region and the flanking region 5 0 to the minor strand mRNAs were generated by in vitro transcription with incorporation of [a-32 P] UTP, and hybridization was performed as previously described (24) . Membranes were analyzed either by autoradiography or by phosphoimager analysis on a Bio-Rad Personal FX Phosphoimager using Quantity One software. Most analyses were repeated with RNA from two separate inductions.
PCR methods and cloning
Circular RT-PCR (cRT-PCR) was used to determine both the 5 0 and 3 0 extremities of 12S rRNA and its flanking regions (25) . Five micrograms of total RNA isolated from TbDSS-1 RNAi cells was incubated with 40 U of T4 RNA ligase (New England Biolabs) in the supplied buffer supplemented with 2 U of RNase OUT (Invitrogen) and 1.5 U DNase I (Invitrogen) in a total volume of 25 ml. After phenol-chloroform extraction and ethanol precipitation, cDNAs were synthesized using Superscript III RNaseH -reverse transcriptase (Invitrogen) and designated reverse primer as indicated in the Results section. The region containing the junction of the 5 0 and 3 0 extremities was then amplified by RT-PCR using forward and reverse primers as indicated. PCR amplification was performed as follows: 1-2 successive rounds of 35 cycles at 948C for 1 min, 40-568C for 308s, 728C for 1 min. Annealing temperatures varied depending upon primer pair: 408C (P3/P4), 528C (P5/P6), 568C (P2/12S-2) and 548C (12S-2/12S-3). All cRT-PCR reactions were cloned using the TOPO cloning kit (Invitrogen) and multiple clones were randomly sequenced. All reactions were performed 2 to 3 times, and the majority of analyses were repeated on two RNA preparations from separate RNAi inductions.
RESULTS
RNAs containing 12S 5' flanking region sequence accumulate in TbDSS-1 depleted cells
To determine whether TbDSS-1 plays a role in precursor transcript processing and/or RNA surveillance in the mitochondria of T. brucei, we began by analyzing RNAs generated from the primary transcript containing 12S and 9S rRNAs in TbDSS-1 RNAi cells ( Figure 1A ). This transcript is one of the simplest and most well-studied primary transcripts in T. brucei mitochondria. The 12S and 9S genes do not overlap, and in organello labeling experiments previously showed that 12S and 9S ribosomal RNAs are initially transcribed as a precursor with a !1.2 kb 5 0 flanking region that is rapidly processed and degraded (22) . Thus, the promoter is located in the variable region of the maxicircle at least 1.2 kb upstream of the 5 0 end of the 12S rRNA (22) . To test whether TbDSS-1 is involved in the maturation and/or turnover of rRNA precursor transcripts, we utilized our previously constructed TbDSS-1 RNAi cell line (21) . Procyclic form T. brucei harboring an integrated tetracycline-inducible expression system for the induction of TbDSS-1 RNAi was grown in the presence or absence of tetracycline (21) . Cell growth and down-regulation of TbDSS-1 mRNA was monitored for each RNA preparation used and was consistently similar to what was previously published (21) . Cells grew normally for the first 4 days of induction but growth ceased by Day 6 after tetracycline addition. TbDSS-1 mRNA levels were reduced by an average of 50% and 30% of uninduced levels by Days 2 and 4, respectively, and mRNA was undetectable by Day 6.
To analyze changes in the metabolism of rRNA precursor transcripts upon TbDSS-1 down-regulation, we used northern hybridization analysis with antisense primers P1, P2 and P3, which are located various distances upstream of the mature 5 0 end of 12S rRNA within the flanking region ( Figure 1A ). Northern blots probed with primer P1, which is located 320 nt upstream of the 5 0 end of 12S rRNA, revealed an increase in RNAs ranging in size from $400 to 1600 nt in TbDSS-1 cells on Days 4 and 6 following tetracycline induction of RNAi ( Figure 1B , left). Specifically, four RNAs, labeled I-IV, were detected only upon TbDSS-1 depleted on Days 4 and 6. To further map the regions contained in these accumulating RNAs, we used two additional probes, one upstream and one downstream of P1. Using primer P3, which is located 644 nt farther upstream within the flanking region, we observed three discrete RNAs of $650, 1300 and 1600 nt whose abundance was increased in TbDSS-1 depleted cells ( Figure 1B, middle) . The two larger RNAs, labeled I and II, appear to be the same size as the larger products I and II detected by primer P1 suggesting these RNAs span both P1 and P3 primer locations within the 12S flanking region. The smaller RNA of $650 nt does not correspond to any of the RNAs detected in the P1 blot, suggesting the 3 0 of this RNA is upstream of the P1 primer location. To further clarify the sizes of the accumulating RNAs, we also performed the analysis with a more sensitive riboprobe that encompasses the area spanning from primer P1 to P3. Using the riboprobe P1/P3, we detected three discrete bands of $1300, 1600 and 1900 nt ( Figure 1B , right). All three RNAs were strongly up-regulated in TbDSS-1 depleted cells compared to parallel uninduced cells. The two smaller bands at 1300 and 1600 nt apparently correspond to RNAs I and II detected in the P1 and P3 blots. Thus, the three different probes spanning the P1-P3 region identified a slightly different pattern of accumulating RNAs, presumably due to differences in the sequences and affinities of the probes. However, RNAs of 1300 and 1600 nt were consistently identified with all three probes. We next used primer P2, which is located immediately upstream of 12S rRNA gene, as a probe, and observed a broad band of just over 200 nt that accumulated very strongly upon TbDSS-1 depletion ( Figure 1C ). The decrease in the level of this RNA on Day 6 as compared to Day 4 after tetracycline induction may suggest compensation by another mechanism in the RNAi cells, since the tubulin control blot indicates equal loading of RNA in these samples. The location of the primers used in this analysis suggests that the major smaller RNA detected with primer P2 encompasses the region immediately upstream of the 5 0 end of mature 12S rRNA since it was not observed with primers P1 and P3. Together, the northern hybridization data demonstrate that multiple RNA species containing various portions of the 12S rRNA 5 0 flanking region accumulate in cells in which TbDSS-1 has been down-regulated, suggesting that TbDSS-1 is involved in the degradation of these RNA species. Additionally, because multiple RNAs of discrete lengths were observed, it suggests that endonucleolytic cleavage may be involved in processing the 5 0 flanking region of rRNA precursors.
To more precisely identify the RNA species that accumulate in TbDSS-1 RNAi cells, we mapped their 5 0 and 3 0 extremities. To this end, we used the cRT-PCR technique in which RNAs are circularized by T4 RNA ligase prior to cDNA synthesis, and PCR is used to amplify the region encompassing ligated 5 0 and 3 0 ends (25) . We first performed cRT-PCR experiments using primer P1 for cDNA synthesis and primers P3 and P4 for PCR amplification (Figure 2A ). Primer P4 corresponds to a sense primer located immediately downstream of primer P1. Following two successive rounds of PCR amplification, we observed a smear of products from $400 to 1100 nt containing three distinct bands of $400, 600 and 800 nt ( Figure 2B ). These products were not observed in uninduced cells, from which only a single band of 300 nt was amplified. Cloning and sequencing of the 300 nt product from uninduced cells yielded only sequences that were apparent artifacts of the PCR reaction due to mispriming. To define the sizes and 5 0 and 3 0 boundaries of the RNAs that accumulate in induced TbDSS-1 RNAi cells, we randomly cloned and sequenced over 20 cDNA products from both the Day 4, and Day 6 samples. However, we were unable to identify sequences corresponding to the sizes of the major accumulating cDNAs observed by gel electrophoresis, with all of the sequenced cDNAs being less than 400 bp. These cDNAs isolated from induced cells corresponded exclusively to 12S 5 0 flanking region sequence and possessed 5 0 ends between À1008 and À1188 and 3 0 ends between À165 and À255 relative to the mature 12S rRNA 5 0 end. One-third of these RNAs possessed short non-encoded 3 0 oligo(U) or AU tails. Similar RNAs were not detected in randomly cloned and sequenced cDNAs from uninduced cells. While the PCR amplification and cloning steps certainly favor the detection of shorter compared with longer transcripts, the cRT-PCR results shown in Figure 2B are consistent with the northern blot analysis showing that fragments of the 12S rRNA 5 0 flanking region are stabilized in TbDSS-1 RNAi cells. Thus, we conclude TbDSS-1 is responsible for degrading 12S rRNA precursors corresponding to the leader region upstream of the mature 12S 5 0 end.
The 5' end of 12S rRNA is generated by an endonucleolytic cleavage event in which upstream products are oligouridylated and subsequently degraded by TbDSS-1
We next wanted to more closely analyze the abundant products that were detected by northern hybridization analysis of TbDSS-1 depleted cells using primer P2 ( Figure 1C ). For this analysis, we performed cRT-PCR using primer P2 for cDNA synthesis and primers P5 and P6 for PCR amplification ( Figure 3A ). Primer P5 is antisense, located immediately upstream of primer P2, while primer P6 is the sense sequence of P2 ( Figure 3A ). After two successive PCR amplifications, we observed a smear containing discrete bands at $150 bp (I), 300 bp (II) and 450 bp (III) in TbDSS-1 RNAi cells induced with tetracycline ( Figure 3B ). We also observed a band of $250 nt that was equally abundant in samples from both uninduced and induced cells. To characterize the RNAs that are stabilized in TbDSS-1 depleted cells, we randomly cloned and sequenced 15 cDNAs amplified from these cells. Sequence analysis revealed that, with one exception, the 3 0 extremities of the clones from Groups I to III mapped at or within 1 nt downstream of the reported 5 0 end of mature 12S rRNA as determined by Sloof et al. (26) (Figure 3C ). We detected one clone with a 3 0 extremity extending 27 nt into the 12S rRNA sequence. Thus, the primary difference between Group I and III RNAs is their 5 0 extremity and the distance to which they extend into the 12S 5 0 flanking region ( Figure 3C) . Surprisingly, all of the clones in Group I possessed nonencoded 3 0 extensions, whereas such extensions were completely absent in cDNAs from Groups II and III. Eight of the clones from Group I possessed 3 0 oligo(U) tails ranging from 3 to 5 nt, and two additional clones possessed AU tails. Sequence analysis from the cells not induced with tetracycline revealed that the major product at 250 bp also had a 3 0 extremity mapping within 1 nt of the reported mature 5 0 of 12S rRNA and a 5 0 extremity $250 nt upstream of the mature 5 0 end of 12S rRNA. The striking abundance, in induced samples, of clones with a 5 0 extremity at À141 relative to the mature 12S 5 0 end suggests that this site is a favored endonuclease cleavage site within the 12S rRNA 5 0 flanking sequence. The location of the 3 0 ends of accumulating 12S rRNA maturation by-products suggests that a second endonucleolytic cleavage occurs to create the 12S 5 0 flanking region fragments that are stabilized upon TbDSS-1 depletion. Specifically, a precise cleavage occurs within a 2 nt region that defines the 5 0 end of the mature 12S rRNA. It is of interest that a majority (10 out of 14) of the accumulating products whose 3 0 ends are adjacent to the mature 5 0 end of 12S rRNA possess oligo(U) tails. Thus, just as 3 0 cleavage of T. brucei 12S and 9S rRNAs is linked to uridylation of the 3 0 ends of mature rRNAs, so is cleavage at the 12S 5 0 end linked to uridylation of the upstream cleavage product. This finding suggests that both 5 0 and 3 0 ends of 12S rRNA may be generated by the same machinery. Notably, all of the clones that possess a non-encoded 3 0 extension have 5 0 ends mapping to position À141, suggesting a functional link between cleavage at À141 and 3 0 uridylation of the resulting RNA (see Discussion section). Based on their accumulation in TbDSS-1 depleted cells, small uridylated RNAs corresponding to the region immediately upstream of the 12S rRNA 5 0 end are apparently major substrates for TbDSS-1.
TbDSS-1 does not play a role in processing the 3' end of 12S rRNA
We next wanted to determine whether the 3 0 end of 12S rRNA is generated by an endonucleolytic cleavage event or involves 3 0 to 5 0 trimming, potentially by TbDSS-1. Northern blot analysis from our previous studies did not show a difference in the abundance of mature 12S rRNA between uninduced and induced TbDSS-1 RNAi cells (21) . However, the technique used in those studies was not sensitive enough to detect the size difference of 3 0 extended 12S rRNA transcripts that would arise if the 18 nt 12S-9S intergenic region had not been removed ( Figure 1A ).
To determine whether TbDSS-1 functions in 12S rRNA generation by 3 0 trimming, we performed cRT-PCR experiments using primers located within the 12S rRNA gene. The locations of primer 12S-1, used to initiate cDNA synthesis, as well as the location of primers 12S-2 and 12S-3, used for PCR amplification, are shown in Figure 4A . If TbDSS-1 is involved in 3 0 trimming, we would expect to observe 3 0 extended clones using this method. A discrete band of 250 bp was detected in both uninduced and induced cells at similar levels ( Figure 4B ). Cloning and sequencing of PCR products revealed that they encode 12S rRNAs correctly processed at their 5 0 extremities, mapping within the 2 nt region that corresponds precisely to the 3 0 extremities of the 12S 5 of PCR products derived by these two strategies provides further support for the role of endonucleolytic cleavage in the generation of 12S rRNA 5 0 ends. Regarding the 3 0 ends of the clones obtained using the strategy in Figure 4A , 11 out of 12 cDNAs from the uninduced samples and 9 out of 11 from the induced samples had mature 12S 3 0 extremities and possessed oligo(U) tails ranging from 6 to 18 U residues, similar to what has been previously reported (19) . These results show that there is no change in the abundance of mature 12S rRNA upon TbDSS-1 depletion, which is consistent with our previous northern blot results (21) . In addition to mature 12S rRNA, we detected a small number of 3 0 -truncated 12S transcripts with 3 0 extremities mapping 32-88 nt upstream of the mature 12S rRNA 3 0 end ( Figure 4C ). These truncated products did not possess oligo(U) tails. The 3 0 -truncated 12S transcripts most likely represent degradation intermediates that exist in low abundance in these cells. The results shown here suggest that TbDSS-1 does not play a role in degrading these 3 0 truncated 12S rRNAs since there was no significant increase of these RNAs in TbDSS-1 depleted cells. Because the cRT-PCR analyses presented in Figure 4 did not reveal any accumulation of 12S transcripts with extended 3 0 extremities in TbDSS-1 RNAi cells, we conclude that TbDSS-1 does not play a direct role in processing the 3 0 of 12S rRNA.
5' extended 12S rRNAs accumulate in TbDSS-1 depleted cells
The results in Figure 4 demonstrate that TbDSS-1 is not required for maturation of the 12S rRNA 3 0 end by exonucleolytic trimming. However, it remains possible that 12S rRNAs that are unprocessed at their 5 0 and/or 3 0 ends accumulate upon TbDSS-1 down-regulation, and that these classes of unprocessed RNAs are not detectable in the presence of overwhelming amounts of mature 12S rRNA using the PCR strategy presented in Figure 4 . To specifically detect 5 0 or 3 0 unprocessed 12S rRNA, we utilized primer combinations consisting of an internal 12S rRNA primer and a primer corresponding to 5 0 or 3 0 flanking sequence. We first screened for 5 0 unprocessed 12S rRNAs by cRT-PCR using 12S-1 primed cDNAs. The resulting cDNAs were then subjected to PCR amplification using a forward primer, 12S-2, located within the 3 0 end of the 12S gene in combination with a reverse primer, P2, located within the 12S 5 0 flanking region ( Figure 5A, top) . A major band of $350-400 nt accumulated in TbDSS-1 RNAi cells on Days 4 and 6 postinduction ( Figure 5B ). Cloning and random sequencing of cDNAs from induced cells revealed that the 5 0 extremities of these cDNAs mapped within the 12S 5 0 flanking region, in a range between residues 136 and 462 upstream of the mature 12S 5 0 end (data not shown). The 5 0 ends of 11 out of the 16 induced clones mapped at or near À141 upstream of the 12S 5 0 end. Of these, two clones mapped to À136, two mapped to À140, and 7 mapped to À141. The À141 site is same 5 0 end that was observed for all 10 induced clones in Figure 3C , again suggesting that À141 (and potentially the surrounding region to À136) is a preferred nuclease cleavage site. Sequence analysis of the 3 0 ends revealed that the same 11 cDNAs had mature 3 0 extremities corresponding to the reported 12S 3 0 end and possessed oligo(U) tails ranging from 6 to 19 U residues ( Figure 5C ) (19) . The five remaining cDNAs from the induced cells had 5 0 ends extending from 223 to 462 nt upstream of the mature 12S 5 0 end and were truncated within the 12S rRNA, 90 to 144 bp upstream of the mature 12S rRNA 3 0 end. Clones that were truncated within the mature 12S rRNA sequence did not contain oligo(U) tails, similar to the truncated clones presented in Figure 4C . Thus, RNAs consisting of mature, oligouridylated 12S rRNA with attached 5 0 flanking sequence are stabilized upon TbDSS-1 depletion, demonstrating that TbDSS-1 functions in the degradation of these processing intermediates. These results suggest that 12S rRNAs properly processed at their 3 0 ends but unprocessed at their 5 0 ends are specific targets for an RNA surveillance pathway involving TbDSS-1.
To determine whether TbDSS-1 functions in degradation of 3 0 unprocessed 12S rRNAs, we performed cRT-PCR using 12S-1 primed cDNAs and two different primer pairs in which one primer was specific for mature 12S sequence and the other selected for the 12S-9S intergenic region ( Figure 5A , bottom). Despite up to three rounds of PCR amplification with different primer pairs, no PCR products were detected in either the uninduced or induced samples. Thus, we conclude that 3 0 extended 12S rRNAs are present in extremely low abundance. The absence of any accumulation of 3 0 unprocessed 12S rRNA in TbDSS-1 depleted cells using this PCR strategy suggests that TbDSS-1 does not function in degrading this class of RNAs. Moreover, the paucity of 3 0 unprocessed 12S rRNAs in the steady-state RNA population indicates that processing of the 3 0 end of 12S rRNA is a very rapid event following transcription of the precursor RNA.
RNAs 5' to the minor strand mRNAs accumulate in TbDSS-1 depleted cells
Since we observed the accumulation of 12S 5 0 flanking region RNAs in TbDSS-1 RNAi cells, we decided to expand our analysis and determine if RNAs 5 0 to the minor strand of the mitochondrial maxicircle genome accumulate upon TbDSS-1 depletion. This region of the genome is not as well characterized as the 12S/9S primary transcript and the location of the upstream promoter is unknown. We designed a riboprobe upstream of the ND3 gene 5 0 to the minor strand mRNAs ( Figure 6A ). Northern blot analysis of TbDSS-1 RNAi cells revealed a major product of $1750 nt that was present at the same level in the uninduced and induced cells (data not shown, shorter exposure). Upon longer exposure however RNAs of $1400, 400 and 200 nt were detected only in cells depleted for TbDSS-1 ( Figure 6B ). These RNAs were 4-to 6-fold more abundant upon TbDSS-1 depletion after compensating for ethidium bromide-stained ribosomal RNAs. Therefore, various RNAs containing regions 5 0 to the minor strand mRNAs accumulate in TbDSS-1 RNAi cells. This is similar to what was observed for 12S 5 0 flanking region RNAs (i.e. the region just upstream of the coding sequence of the major strand), which are also targets for TbDSS-1 degradation. These results suggest that TbDSS-1 is involved in removing maturation by-products that originate from multiple regions of maxicircle genome.
DISCUSSION
This study shows that the mitochondrial exoribonuclease, TbDSS-1, plays a role in the degradation of 12S rRNA processing intermediates and maturation by-products. Abundant RNAs derived from the 12S rRNA locus accumulated upon TbDSS-1 depletion. These include fragments of the flanking region upstream of the mature 5 0 extremity of 12S rRNA (Figures 1-3 0 flanking region suggests that degradation of this RNA involves the action of both an endonuclease that acts on preferential target regions and an exoribonuclease. Based on our results, TbDSS-1 comprises at least one of the exoribonucleases that functions in this pathway. Sequence data further suggest that the 5 0 extremity of 12S rRNA is generated by endonucleolytic cleavage and that TbDSS-1 is responsible for the degradation of the resulting upstream maturation by-products. We also show that TbDSS-1 is dispensable for proper 3 0 processing of 12S rRNA, and that the abundance of mature 12S rRNA does not change in TbDSS-1 RNAi cells consistent with our previous results (21) . Together, these data demonstrate that one function of TbDSS-1 is the elimination of non-functional by-products of RNA processing in T. brucei mitochondria. In addition, our results implicate TbDSS-1 as part of an RNA surveillance pathway that removes apparently stalled processing intermediates in the 12S rRNA maturation pathway. Northern blot data also suggest that TbDSS-1 functions similarly with respect to maturation by-products derived from the region upstream of the first gene on the minor strand of the mitochondrial genome ( Figure 6 ).
In some regards, the phenotype of TbDSS-1 depleted cells is reminiscent of yeast DSS-1 knockouts (9). Yeast mitochondria lacking DSS-1 massively accumulate excised group 1 introns, similar to the greatly increased abundance of 5 0 flanking sequences excised from 12S rRNA precursors in T. brucei (Figure 1 ). In addition, yeast cells depleted of DSS-1 demonstrate an accumulation of unprocessed mitochondrial mRNAs and rRNAs, while in some cases corresponding mature RNAs of the proper size are abundant (8) . In the yeast studies, it was concluded that the accumulation of precursor RNAs was not due to impairment of RNA processing, but rather due to the lack of precursor RNA degradation (8) . A similar situation exists in trypanosome mitochondria, where we observe no change in the abundance of mature 12S rRNA upon TbDSS-1 depletion, but TbDSS-1 downregulation leads to the accumulation of 12S processing intermediates that are improperly processed at their 5 0 ends ( Figure 5 ). Accumulation of these processing intermediates in TbDSS-1 depleted cells suggests they are dead-end products that are normally destined for decay by TbDSS-1. Since 3 0 unprocessed 12S rRNAs do not accumulate in TbDSS-1 RNAi cells, our data suggest that some aspect of the 5 0 flanking sequence is recognized by TbDSS-1 or an associated protein as part of an RNA surveillance pathway that detects stalled processing intermediates.
During our sequence analysis, we unexpectedly discovered that a large percentage of processing by-products whose 3 0 ends are adjacent to the mature 5 0 end of 12S rRNA possess oligo(U) tails (Figure 3 ). Previous studies, as well as data reported here, also demonstrate that both mature 12S and 9S rRNAs in T. brucei mitochondria are oligouridylated at their 3 0 ends, although the mechanism of 3 0 end formation is unknown (19) . Our data suggest that the same machinery, composed of at least an endonuclease and a terminal uridylyltransferase (TUTase), may cleave both the 5 0 and 3 0 ends of 12S rRNA and deposit an oligo(U) tail on the upstream cleavage fragment. T. brucei mitochondria contain multiple TUTases that could account for the addition of oligo(U) tails to rRNA maturation by-products observed in this study (27, 28) . This includes RET1, which adds Us to gRNA 3 0 ends, RET2, which is a component of the editosome, and additional TUTase homologs whose functions and subcellular localizations are unknown. Preliminary data from RET1 depleted cells revealed no significant decrease in the length or presence of the oligo(U) tails on the 12S flanking region maturation by-products (Mattiacio,J.L. and Read,L.K., unpublished data), suggesting either that RET1 does not uridylate the TbDSS-1 substrates identified here, or that mitochondrial TUTases are functionally redundant in this case.
The sequence characteristics of accumulating 12S rRNA processing intermediates and by-products in TbDSS-1 knockdown cells provide insight into the rRNA processing pathway. One striking aspect of the major accumulating RNAs is that the primary class of RNAs that undergo 3 0 oligouridylation are those whose 5 0 ends are at or near À141 nt relative to the 12S 5 0 end. This correlation holds true regardless of whether 3 0 ends immediately abut the 5 0 end of 12S rRNA or map to the mature 12S rRNA 3 0 end. Those RNAs whose 5 0 ends are located upstream of À141 nt generally did not possess oligo(U) tails at their 3 0 ends, whether their 3 0 ends immediately abutted the 5 0 end of 12S rRNA or were truncated within 12S rRNA gene. We did observe a few clones with whose 3 0 ends mapped upstream of À141 that possessed small oligo(U) or AU tails (see discussion of Figure 3 in Results section). These data are consistent with the recent report from Madej et al. (29) , suggesting that all RNA transcripts encoded by a kinetoplast genome are prone to some degree of oligouridylation. However, this modest degree of overall uridylation contrasts with the absolute correlation between oligouridylation of RNAs whose 5 0 ends are at or near À141. These observations indicate that there is some specificity to the oligouridylation of 12S rRNA processing intermediates and byproducts. Moreover, endonucleolytic cleavage at or near À141 was strictly correlated with cleavage at the mature 12S 5 0 or 3 0 end. RNAs whose 3 0 ends were within the 12S coding region invariably had 5 0 ends upstream of À141. These results suggest a functional link between endonucleolytic cleavage at À141, the 12S 5 0 end and the 12S 3 0 end. Taken together, our data are consistent with a model for a major pathway of 12S rRNA processing ( Figure 7 ) that involves the following steps: (i) initial cleavage of the 12S precursor transcript at À141 nt within the 5 0 flanking region, followed by recruitment of the processing machinery, (ii) cleavage and uridylation at 12S rRNA 3 0 end and finally and (iii) cleavage and uridylation at 12S rRNA 5 0 end ( Figure 7A, Step 3, right). Complete processing results in mature 12S rRNA with an oligo(U) tail and 12S 5 0 flanking region with an oligo(U) tail ( Figure 7A, Step 3, right) . The 5 0 flanking fragment is then degraded by TbDSS-1. If, during this process, the 12S rRNA processing machinery prematurely dissociates after Step 2, the resulting product represents a dead-end processing intermediate that needs to be removed from the system by TbDSS-1 ( Figure 7A, Step 3, left) . The above scenario does not rule out alternate processing pathways. For example, while cleavage at À141 is common, it is not an absolute requirement for cleavage at the 12S 5 0 end. RNAs with 5 0 ends upstream of À141 and 3 0 ends abutting the 12S 5 0 end or extending into 12S rRNA also accumulated upon TbDSS-1 depletion ( Figure 7B ). These RNAs may result from an alternate processing pathway, or may represent incorrectly processed RNAs that are subject to TbDSS-1-mediated decay.
In summary, we have identified a role for TbDSS-1 exoribonuclease in degrading products resulting from 12S rRNA maturation. This includes both the removal of maturation by-products and degradation of stalled processing intermediates in what appears to be a type of RNA surveillance pathway. The studies reported here, in combination with our previous analyses of mRNA levels and gRNA levels in TbDSS-1 depleted cells (17) , indicate that this enzyme plays multiple roles in RNA degradation in T. brucei mitochondria. TbDSS-1 likely has additional functions in processing and surveillance of pre-mRNAs, where it may interface with other RNA processing components involved in editing and cleavage/polyadenylation. Indeed, our previous studies demonstrated that TbDSS-1 is associated with a multicomponent complex (17) , and we are currently exploring the interaction of TbDSS-1 with other RNA processing factors. These studies will allow us to further explore the functions of TbDSS-1 in processing and surveillance of pre-mRNAs and gRNAs, and may provide insight into the coordination of multiple RNA processing events in trypanosome mitochondria.
